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SIMULATION AND PERFORMANCE OF BRUSHLESS DC MOTOR ACTUATORS

SUMMARY

The simulation model for a Brushless D.C. Motor and the associated

* commutation power conditioner transistor model are presented. The necessary

conditions for maximum power output while operating at steady-state speed and

sinusoidally distributed air-gap flux are developed.

Comparisons of simulated model with the measured performance of a typical

motor are done both on time response waveforms and on average performance

characteristics. These preliminary results indicate good agreement. Plans

for model improvement and testing of a motor-driven positioning device for

model evaluation are outlined. .
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- LIST OF SYMBOLS

Bm Viscous friction coefficient of the motor (oz-in/rad per sec)

B1  Viscous friction coefficient of the load (oz-in/rad per see)

EBA Back EMF of phase A (volts)

EBB Back EMF of phase B (volts) P

EBC Back EMF of phase C (volts)

IA Phase A current (amperes)

IB Phase B current (amperes)

IC Phase C current (amperes) p-

IM Power supply current (amperes)

JM Moment of inertia of motor shaft (oz-in-sec
2 )

J1  Moment of inertia of load shaft (oz-in-sec
2 )

kb Back EMF constant (volts/rad per see)

kt Torque constant (oz-in/ampere)

L Inductance of the stator winding (Henrys)

'AB, ICA, IBC Loop currents (amperes)

kadi Air-gap flux adjustment factor

kwl Magnitude of speed versus torque curve slope (rad per secfoz-in)

Ra Resistance of the stator windings (ohms) -C'>,-:

Rs  Power supply interval resistance (ohms) ,

A, *B, *C Per phase air-gap flux (webers)

Rq 'On' resistance of the power transistor (Ohms)

Tm Motor restraining torque (oz-in)

T, Load restraining torque (oz-in)

TA, TB, TC Per phase developed torque (oz-in)

Wm  Speed of the motor shaft (rad/sec)
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p

GR Gear ratio %

8 Angular displacement (radians)

VA, VB, VC Phase terminal voltage (volts)

VS Power supply terminal voltage (Volts)

RPSA, RPSB, RPSC Position sensors logic signals

j PWM Pulse width modulation
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INTRODUCTION

Recent improvements in rare-earth magnetic materials for use in brushless

dc motors have allowed reconsideration of electro-mechanical actuator systems

for applications requiring very high ratios of torque-to-inertia. The

investigation discussed herein has been concerned with characterizing mathe-

matically the dynamical features of a missile fin actuation system, from the

input to the brushless dc motor to the output shaft of the mechanical actuator.

The physical model is based upon an existing prototype actuator currently

under evaluation at the Naval Weapons Center, China Lake, California.

In general, brushless do motors produce torque through the interaction of

a magnetic field generated by a permanent magnet rotor and a dc generated

magnetic field in the stator. The rotating permanent magnet eliminates the

rotating armature and the mechanical wear normally associated with brusnee.

These motors fall in the class of Permanent Magnet Motors and 3njoy certain

advantages over wound-field types such as:

...Linear torque-speed characteristics, high stall (accelerating)
torque, no need for electric power to generate the magnetic flux and
a smaller frame and lighter motor for a given output power" Ell.

Additionally, the brushless dc motor is characterized by:

"...controllability over a wide range of speeds, capable of rapid
acceleration and deceleration, convenient control of shaft speed and
position, no mechanical wear problem due to commutation and better heat

dissipation arrangement" El].

The fundamental requirement of an electro-mechanical actuator control

system is to provide torque to an output shaft, sense the position of the

shaft and adjust the torque to balance the load when the desired position is

reached. This must be accomplished with a minimum of frictional resistance

and delays associated with the inertia of the mechanical components. Effects

of viscous, static and coulomb friction, together with the torque required to

accelerate the mechanical components of the system, lead to a reduction in

5'>
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torque available at the output shaft and an associated reduction in system

performance.

One approach to the analysis of the electro-mechanical actuator system

has been to divide the system into two sequential problem areas. The first

deals with the dynamic analysis of the brushless dc motor and development of

the transfer function necessary to duplicate actual steady-state and transient

performance. The second area deals with modeling the mechanical system

elements, taking as input the dc motor shaft angular acceleration predicted by

the motor analysis. The mechanical system must be modeled considering the

effects of friction and inertia and translating the rotational motion of the

brushless dc motor shaft to the output shaft of the actuator for application

to missile maneuvering control. The results obtained from a study that has

placed primary emphasis upon the latter problem area - the modeling of the

mechanical drive-train leading to the fin shaft was presented in Ref. 3 and 4.

This report deals with the first problem area and presents an overview of

the work done by MacMillan [4]. In Ref. 4, MacMillan developed a model for

the output circuitry of a transistorized power conditioner that provided the

required motor commutation. The model developed in Ref. 4 used an ideal (zero

impedance) power supply. This report extends the model to include internal

power supply resistance and also identifies areas for further improvement in '"

the system modeling.

The next section of this report presents a brief description of the

system followed by a development of the model and an analysis of the simulated

motor performance. Results of the simulated system are then compared to the

measured response from a typical commercially available motor and recommen-

dations for further improvements in the model are outlined.
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--SYSTEM DESCRIPTION

GENERAL

The system is viewed as a position control device to maintain an output

angle under an applied hinge moment due to aerodynamic forces on a fin or

aileron. The motor is a permanent magnet dc motor with feedback in the form

I of back emf proportional to the angular velocity of the motor. The block

diagram of the dc motor and power conditioner is shown in Fig. 1 [4]. The

mechanical actuator and drive train, as currently envisioned, introduce

various inertial and damping loads together with an aerodynamic force and its

associated fin hinge moment that must be overcome to produce output motion.

An operational block diagram of the load torque is shown in Fig. 2 where the

hinge moment and motor shaft angular acceleration are viewed as inputs to the

drive train [2]. Figure 3 is a schematic of the drive train which, as

presently constituted, Includes the motor shaft (leadscrew), ball screw

* assembly, and the crank which is keyed to the output (fin) shaft. Inertial

loads are considered individually within three major subdivisions of the

actuator; the output shaft to crank, crank to ball screw, and ball screw to

leadscrew.

A detailed analysis and development of the mechanical model with the

associated assumptions are contained in Reference 2. As stated in the

introduction, this report reviews the development of the motor model reported -

in Reference 4. For convenience in the development of the model, MacMillan

considered the load seen by the motor to be caused by the inertia and kinetic

(viscous) friction of the motor shaft as described by Thomas in Reference 5.

The schematic diagram of the power supply, power conditioner and motor-

" load is shown in Figure 4 where it is noted that the power conditioner logic

and driver circuits are modeled as ideal on-off devices with zero time delay. -%7

;:.: ...-.
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Additionally, MacMillan considered the power supply to be ideal (zero interval

resistance) to further reduce the complexity and simplify the development of

the power conditioner model. However, in this report, the model used for the

power supply includes the internal resistance, Rs . The effect of including R.

in the requirements and performance of the system model is presented in the

section on Analysis of Simulated Motor Performance. For additional informa-

, tion on the development of the D.C. motor model refer to Reference 4.

DEVELOPMENT OF SYSTEM MODEL

The basic simulation by Thomas used a single power supply and super-

imposed the phase currents to produce the motor torque. Motor drive was then

realized by multiplying averaged armature current by a torque factor.

In the model developed by MacMillan, the supply is considered to be a

split supply of equal voltages. Armature current is assigned a positive sign

if it flows in the positive direction (i.e. into the motor). The use of a

-"split power supply allowed MacMillan to apply circuit reduction techniques.

"* Because of the symmetry that resulted from the split power supply approach,

the complex 3-phase bridge-type circuit simplified into a two-window network.

The development of the reduced circuit begins with the definitions of loop

currents as shown in Figure 5 where the power supply voltage of 2V is

represented as V+ and V-. The simulated model equivalent circuit is shown in

Fig. 6 with node N defined as the mid-point of the power supply and node 0 to

be the mid-point of the motor windings and neither of these nodes are

considered to be at ground potential (the ground is identified as the

Reference node). Note that the power supply, VIN = VIF - VIB - 2V and that

all the network variables are defined using the CSMP model variable

definitions [6]. Given the assumption that the network is balanced, that is,

6"f.Z!
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all transistors, diodes and field windings are approximated as being alike in

characteristics, it is possible to apply the circuit reduction technique of , ..

Thevenin and obtain the simple 2-window network shown in Figure 7 [4]. In

Figure 7, the Thevenin equivalent voltages and currents are defined in terms
* I,- b

of the CSMP model variables.

The back emf voltages of each phase (VEMFA, VEMFB and VEMFC) are

developed and presented in Reference 4 in which it is shown that these

voltages are summed 2 at a time in proper sequence t.o compute the loop

currents and resulting phase torque. The total developed torque is then the

sum of the 2-active winding phase torques over the proper 60 degree of

mechanical angle. Figure 8 shows the back emf voltages generated across 2

windings taken 2 at a time. The 60 degree of mechanical angle that produces

torque is shown by the logic unit output levels of the position transducer

RPSA, RPSB and RPSC in Figure 8. ":.-.

Reference 4 presents a detailed development of the power conditioner

model that includes the assumptions for the switching transistor dynamics used

in the power conditioner model as well as the development of the harmonic

air-gap flux used in the motor model.

ANALYSIS OF SIMULATED MOTOR PERFORMANCE

The proper evaluation of a system model requires, quite naturally, a

comparison of the actual system response for the same type of input function

used for the model. For the brushless D.C. motor, it is assumed that

measurements can be obtained for the following voltages and currents:
-a.

- Power supply terminal voltage; Vsg

- Voltage across two of the three windings; Vab, Vbc, and Vca '. '.-

13
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- Voltage from one winding terminal to ground; Vat Vb and Vc

- Power supply current; Im

- Phase current; Ima, Imb, Imc

Before taking data from the simulated model, it is necessary to set all

constants and parameters to the nominal values given by the supplier of the

motor. Care must be taken to properly interpret the values given by the

manufacturer.

In particular, the value of the Back EMF coefficient, kb, needs special

attention. If the motor data sheet indicates that this coefficient is

obtained by measurement of peak to peak voltage across two windings, then in

the model that uses distributed sinusoidal air-gap flux, an adjustment factor,

kadj is required to insure that the Back EMF values are in agreement. It

follows that the torque coefficient, kt, must also be adjusted by this same

scale factor [7]. The value of kad j can be computed from the measured no-load

data for the motor current, speed and applied voltage by using the average

characteristics balance equation,

im  (vsg - kbwnl)/(Ra + Rq)

where kb - kbm kadj

kbm - manufacturer supplied Back EMF constant.

Thus the adjustment factor becomes

kadj - [vsg - im(Ra + Rq)]/(kbmwnl)

For example, given a no-load speed of 3060 RPM with a terminal voltage of

30 volts and a no-load current of 0.30 amperes, kadj = 0.825 (given a total

series resistance of 1.47 ohms). The value of kadj must of course be less

than unity, otherwise the motor current would be negative in value which

implies that generator rather than motor action is taking place.

JI
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Before an attempt is-made to close the loop on the motor-load to form a

positioning device, it is important to operate the system as a velocity device

and obtain measurement of the motor average performance characteristics.

Typical motor average performance curves are speed versus torque, motor

current versus torque and output power versus torque from no-load torque to

near stall torque conditions. Figure 9 shows these three curves for the model

with torque given in oz-in units. Note in particular the straight line

characteristics for motor speed and current and that the power output is of

quadratic form. The condition of constant input voltage is used when

gathering data for these curves, and it follows that if speed is a straight-

line versus torque, then current also has a straight-line when plotted against

torque. This can be shown as follows:

wm = wnl - kwlT

where wm motor speed

wnl= no-load speed

kwl = magnitude of slope of the speed vs torque curve

T - load torque

The current, using average values, can be written as

im (Vsg - kbwm)/(Ra + Rq)

where vsg= power supply terminal voltage

kb = Back EMF coefficient

Ra - winding resistance

Rq - transistor "ON" resistance

then by substitution,

im - [(vsg - kb wnl)/(Ra + Rq)] + [(kbkwl)/(Ra + Rq)]T

where the first term on the right hand side of the equation represents the

no-load current.

17
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The power output vers~js torque curve in Figure 9 reaches a peak value

between no-load torque and stall torque. The analytical development for this

quadratic curve is presented in Appendix A where it is shown that the

condition for peak power output, PO, is that the torque must be of value

T = (2 kbwnl - vsg)/(2kbkwl)

to produce maximum power output -
P0 - ktvsg 2 /(4Rskb)

Since the ratio kt/kb is a constant, increasing peak power output depends

upon decreasing the power supply interval resistance, R s , or increasing the

power supply voltage, vsg as one would logically expect. It must be

understood that the assumption used in the above analysis was that the air-

gap flux was a constant average value. For the actual motor the air-gap flux

is distributed sinusoidally and current in the windings produces a field that

may cause distortion in the air-gap flux. At large current values that occur

at and above peak power output, the field distortion may result in an increase

or a reduction of output power for a given load torque.

Another motor coefficient to consider carefully is the no-load viscous

friction constant, Bm . The value of Bm is often not included in the motor

data sheet and the probable reason is that its value will depend somewhat on - .

the manner in which the motor is attached to the system load. Bm can be

calculated from given no-load data as follows:

Bm (kt kadJ im)/wnl

where im is the no-load current.

RESULTS AND CONCLUSIONS ,,...,..

The preliminary results indicate that the balanced bridge circuit

approach used in the development of the Brushless DC motor model produces good

19



P ..

agreement with measured motor characteristics as indicated below. Further 4.

evaluations of the model as well as improvements and additions to the model J.

will be conducted in the near future using data currently being gathered from . .

a prototype of a fin positioning actuator.

A comparison of model and motor produced Back EMF voltage is shown in

Figure 10. The upper curve is the simulated motor waveform and the lower

curve is the measured Back EMF. The model adjustment factor, kad j was set to

0.63 value by trial and error until peak to peak voltages were in agreement.

Another verification of the model is obtained by comparison of Figure 11 and

Figure 8. Both figures show waveforms of Back EMF across 2 windings taken 2

at a time and also show the timing waveforms for the Position Sensor Devices

(RPSA, RPSB and RPSC) for counter clockwise rotation. The waveforms agree in

both phasing and in form.

The steady-state performance curves of a typical motor are given in

Figure 12 where the motor load torque is given in lb in units. These curves

were produced with a constant terminal voltage of 30 volts and agree in form

with the curves of the model as given in Figure 9. Peak power output occurs

at load torque of approximately 95 oz-in for both motor and model.

Additional validation of the model is shown in Figure 13 where the

current in Phase C for the model (upper curve) is in close agreement both in

form and in phase with the same current for the motor (lower curve).

Additional model results are shown in Appendix B where typical Input voltage

step response waveforms are presented.

FURTHER RESEARCH

Improvements in the model are required with regard to the triggering on

of the diodes used to protect the transistors from excessive reverse currents

20 .
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BACK EMF VOLTAGE ACROSS A-C WINDINGS (1200RPM)-VOLTs
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during the switch off time for the transistors. MacMillan in Ref. 4 was able

to provide this action for the condition that the power supply interval

"- resistance, Rs is zero value. When R. is not zero, additional programming is

required to perform the required trigger action.

The Pulse Width Modulation (PWM) used by Askinas in Ref. 8 must be added

to the present model, however Askinas used a separate additional transistor to

perform PWM. The Power Conditioner to be used in the Test Stand for

measurement of actuator performance accomplishes PWM by using the lower set of

the commutating power transistors. Therefore some modification of Askinas'

CSMP coding may be required to accurately perform the PWM speed control.

Extensions of the model will include a position sensing device and a

tachometer as well as the nonlinear loading as developed by Franklin in Ret 9.

Test data results will be compared to model in both transient (step) response

and in frequency (Bode) response and the results will be reported in a Summary

* Report for FY1986.

--.
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the rate of change and set it equal to zero. Thus,"ik 'e

dP0  ktwk W1V 2ktk wlWnl 2ktk 2wl2

tw Ha + Tbln 0 bl ..-

dTL RA + Rq RA + Rq RA + Rq L

Solving for load torque, TL yields ,.e

TL - wnl/kwl - vsg/(2kgkwl)

TL - (2kbwnl - vsg)/( 2kbkwl)

and substitution into the power output equation produces the conditions for

peak power output as follows:

PO - ktVsg/(Ra+Rq)[Wnl-kwl(2kbWnl-Vsg)/(2kbkwl) ] kr-v--I

ktkb/(Ra+Rq)[wnl-kwl(2kbwnl- vsg)/2kbkwl) ]2

After expansion and cancellation of like terms, the peak power output reduces

to

Po - ktVs /[4kb(Ra+Rq)]

As a numerical example consider the following values of a typical

Brushless DC Motor operating at a steady-state speed of 3060 RPM (320.4

rad/sec) with a constant terminal voltage of 30 volts.

kt - 15.9 oz-in/ampere

kb - 0.112 volts/rad per sec

kad j = 0.825

Ra - 1.37 ohms, Rq 0.10 ohms
I

kwl - 1.67 rad per sec/oz-in

Thus for this example motor,

Po - (15.9)(0.825)(30)2 (7.062x10- 3)/[4(.112)(0825)(1.47)

P0 - 153.5 watts

and occurs at load torque **. -

TL - [(320.4)/(1.67) - (30.)/(2)(.112)(.825)(1.67)] % %-

TL - 94J.65 oz-in = 5.92 lb-in

A2
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APPENDIX A

Power Output of a Brushless DC Motor -

The mechanical power developed by a Brushless DC Motor is given by the

equation,

P - (7.062xl0-3 ) Tw. watts

where T-TL+TM, the sum of the load torque, TL and the motor restraining

torque, TM in oz-in units and wm is the motor speed in rad/sec. units. At no

load TL = 0 and at stall torque wm - 0, thus power reaches a peak value in the

region between no load and stall torque conditions.

The evaluation of steady-state peak power can be obtained analytically in

terms of the load torque by substitution as shown below.

Given that T=TL that is TL>TM and T-ktim with wM-wNL where kt is the

motor torque coefficient and kwl is the slope of the speed-torque curve.

Then the power output is

Po ktim (w - kwITL)

and since steady-state speed conditions are assumed, the current is given by

v -kw
im sg b

RA + Rq

where vsg is the voltage at the terminals of the power supply, kb is the Back

EMF coefficient, Ra is the armature resistance of 2 phases in series and Rq is

the sum of 2 power transistors forward 'conduction resistance. By

substitution,

kt vk k 2Pc )g( (wn- kw T L)
PO Ra + R nl kwlL RA Rq nl wl

and to find the conditions for peak power output, it is necessary to compute

Al

_.. .- -.'.

-'-.% -. " J 'J:-- ', " " ' J _.' =' '. "- , "" m- 
.

*. "- I J __,D - _---'L--
°

,' , .-- ., a' . _'-ZrZ tL r mr 't .'- - -m'- r'-'9--.... - --



The curve of power output versus load torque for this example motor is

shown in Figure 9. It must be noted that the above analysis is valid for the

assumption that motor current produced fields do not have a measurable effect

on the magnitude and phase of the flux generated by the rotating permanent

magnets and also that a constant average flux exists in the air-gap between

rotor and stator.

A 3
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APPENDIX B

CSMP Listing

The system described by the schematic diagram in Figure 4 is programmed

in the CSMP language as shown below. The computer used was an IBM 370 located

in the W. R. Church Computer Center at the Naval Postgraduate School.

Following the program listing is a User's Guide for the recommended procedure

in setting the constants and parameters for validation with measured motor ..

performance. Also included are typical output waveforms for a step input of

supply voltage.

% ' -.

':- ..

*'f
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FILE: bIBTA

//*PORUA1 Fil DCNAMf=Z~~l~A
//*FORMAT FS DNbAHEI!VECT LEE1=1CCAL.
//CSNPSTIP hktC CSmpvDV,pcr1S=?c IFS
//I.S!SIb CL

$ PATCHES 1108 10C IWS1ULLEC
* VERSICN ELEVEN -- SIXTH EFEVISICh INCCRCFAIIN. THE3V5 611.
* THIS VERSICN INCCBEESIATES LEVESSINC CCEHtUlA1ICN Al IFEV118.
* CURBEh4IS AR~E NCI SUPFECSEL. fLUX * CUHE I IS CCMPUIEr ECSE ACE FEASE
* AMC THE RESULTING ICF4UES AFF SLH.EC.
*THE PUEPOSE OF VEBSICK FIVE IS IC IFEA'I THEi fLUX AS VAFYIbG
*ACCOfiDIUG TO IhE SU3 Of A IUtNLAPEINIAL 51hUSCIC

* AMD ITS fIFTH HAfidOhIC AS EXPLAIN~ED .1h4 CHAEI1b FIVE.17'ECMA 5)
* THE TOTAL FLUX IS AEPPCXIMAIEE AS 7dE ALGEEFAIL SUMH C1 B Iii LU
* DEVEA.CEED IJ IwO ;vI14INGS A! A IIAE IC (ALCULAIE THE ICiC U
* COEF1ICIINI ANL LALN EMF CCEIFICIEitT.
* THIS tICCEL SIMUJLATES MAGNETIC FLUX AS A SINUSCID AND A Fhub
* HARM~ChIC AND SIOLAIES JIGLE CCtrUAICN AS %ELL AS TEf ShlICEING
*LCGIC AND TBANdSISICE LYNAflICS CE A E2IUSHiIESS CC MOICBE CUES
*CONDIIICNER. THE kIhCIt.6 AE KC ITFLAIEEL1 CErEbEEbITI

*THE CCN!IFIa'JIICNS IC LEVELCrED ICFCUE PEE
TSEA7EC AS 3UEEPECEAELE.

*THE PRCG.bA4 HAS EE.N MC,;IF1ED IC INCLUCE kCkEB SUEELY EESISAC E
*WITH TFE ADDITION CF bS~ IhE LEIGGEFING VCL RGE ICE THP TDANSIS16F

* FROTECIING DIOCES HAS ELEN CHANGEE TC INSUBE PECEER CEIEAIICN.

CONSTANT S~TE = 15.8b, EZ' = 0.O14 5 EL = J.00 JL = 0.C, N z 1 0. too.
J&=oo AAm =J1 J. 1 j, FC.1 = JCSAL
THADY= S E~H .11, 1L1L = t.ciL195,It3 .5CAJ b,*.

PASAIIEIEJ LA = C006, F! = 0.665C tl1 %"C
PASA.1ElEi YVSAT =.4, RSP1= .C5 i~!U = 1.CE+'4
PARA'IEIEF I'IM =m 1.IE-6, FEv1fm C.13
P'ARAMETER VClD= J.,VC.C=C. vBDD0 'Cc.4 VCcC. vcbG.
PAAMAATEb VSGrEf = JC.C, kIN1 i8 1250.C

* K'1M -- G SfUPPIIED ICIOR LOB CUE LC1SIAN'I (CZ-LN/AMP)
* NT -- 8tASi iCZCUE CCNSTAIJI (C-N/A .1F)
* KBN A- EG SJ~s?LIEZ MIOF? 5ALK EMIF CwoSIAN (VCL1/IhAD/EZC)
* KE -- HA E 2ACK IJF CC:4STANI (YCl'I/FAC,'S
* KADJ -t A'JUS IkE41 FACTOR FCR MF1G SiiPPIIE L CTGF CC1N51ANIS
* RA -- h~AtE Ei.S7ANCE OJf 1HE PC.I(.F IC~

*LA -- PMA INLUCiAINCE Of rHE MCrICI (hEcli 5
* 311- V1..i..US FFICTICN CCEFFICIEbi CFHiE .1c IO CZ-I1NFAC4S)
8 L -- V~jCCUS rSiIL:ICN CCEIFICIENI. CF F~E LCAL (CZI/FC5*BLP -- VISCOUS eiIICN LCEFfPIIEN! CF LCAL 1Ii1J FE-sCION 1 A0

*E -- 'I'AL VISCOUS FFICTICN CE Iliki !C'lC', SIS1EM~ (SiE EELCoi,NC-i'cFI)
* J - ibkcE'IIA CF IhE .C-IC'(CZIrSS

* JL -- I'EBIIA CE 'IH! LCAD of of
* JLP -- INERTIA OF THE LOAC !HFL iECJCEICN~ EAFS
* J - ILIAL INERTIA CF THEE MCTCE EISTEM (SEE EELCW, bC-SCF'I S!CIILO)
* £2 =J/E -- 'IRE MECh.ANt..A. IjAE LCNSIANIi "F 'IFE ALICS (EEL)
* ABTAU = LA/(3AffEEAli -- I hE ELELIFICA[ TItE LLNSTANI CE 'IhE 1OTcs

* Ne LibIvc tA iL r. IE ICUbEht.. iAlf A-E
* iCTAJ = LA/(FA+6EEc - '1EE EILCI'-Al. 'IM1E LCNSTAN'l CF 1HE MC'ICR

*ANL D I VE iM~NSL:iIUfS f EF6 L'r;f N1 ~A 1 E -C
C CA TAJ =L Al( j CA , - ) I- h hEELCT:1CAL 11I1k CCvS ANI Lk' IhE ICICS
*ANZ D.-lVE EI3OS F 1 T LJ Fi i -\I i Ai L -A

*VIE / 5 3Ui Ly (i~n VIN, *'1fASj1iLJ r-L + 'IL k'IC fC5IIICR,N
*VIB = 1/i 36prLY vcl;-7 v I N fEASjdEZ FThC? - LC tir ECEIIICN,%

*C#EXP 7J4~. l1 i AL 2E F( C A~. -z' 5 C i E I E E N 3 .4 U 6A II C N A C CUICEF
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FILE: B~iAA

* iS AT Eq UII.,U'L lt-I ~EIi IANL C f IBANiS15 1Crl S AI U FAI IC N
* FCU1 ELIVALIN- Ci(.UI EI ANCf CE IbANSISIC2 CUICEP

* TiI~i -- Sh' 1~CkiN; ii E CF ASi
* 1fiS1 --lilzIS U HDEG HICh~ IS SE2 IC 2~iK Al S'IA~i BEE 'C 2EKC
0 AT 3o0 DEG AND CA!, ALSC Ef U~iE AS SIMUIA'IIsNSlCi ANGLE.
* TIIADV -- THETI ADVAN(.E FE3 CC11?UIA'TCN J(LLio 15 FCSillffE)
* THCCN4- COdMU!ATION CCNTSiCL AbGLl= Scl*IbAEY Ih DIGHE~
* SS-- INIEBMAL SESISTINCE, Ck IEE SUP L VCEIAG!

WOSCRI

KB=KBfl*IACJ
BP= EL/(N:*

JILP =JL/ (N**2~
J = J1M + JLp

E= Zd +. ELFE
11 I A / BA
Ai =J / tE

=LA/(1 ISAI)

VINIC =15.0/KINl

NfETHCD 311HE
DYNAMIC

VIE= VlhbAF
VIb3 =-VINdAF
VILN =VIE - VI E
*VSGDEL = (VS..EE VSG)/i.J
*VSGEER = ZEAJS2( - +.5 X, SGLEL)

V VIN I NT z ZNi;L fVIbIL VG~
*VIt4IEG = .... *.. NIS
VINIHAF = VINEFi VINIH2 *~

VRASPl AMJ
VINHFJ I KAlr*;tAl
VINIHF2 K RAM I*V Alt-2

* INlIRCDUCE- iIhri~ i!ANSljIC;4 2I4E -C 16ANSIE'IO-. SaILHCI
* HyINCE~C~AIIw~ A~C~J1AL 1,13f AN' EECAY IN'IC 2. 1-S6

* Q*EXP EROVIJZ3 A i 1ALl.3TIC i;XP,'NEN'1IAL !FASI1ICLN EETIEEN LUICHE
* AND SAI UA2Ii.i aiLN I~CLL! EA]U 4L Ci CHAY 61hEN r-Ll I FCU;ii

*IliE limiIn

1 EX E i ~E AL FL (.7', ill-AE J7 -E% 11
~2 EXE a ~f AL L J. 1, , i.1f 3. 5-,-- 6,
Q3EXF F EAt L(J.79, ) .7~-z)

(.'4EXi f EAiL 4)(.. 75 , I IF H -Z 6A
~5EXP if AL L 1). 75 1 AE E J.S9j

ABS1E6H '~E )1, zEXE- 1, 3Eli=C.1, .41E!XFC.1, *Q59-sFZ.1, "cEXeFC.l

-t Ll 11 '1s~i ".&U , $.*rC-I$.ZE(

nC4 zLulli (b5A h uil 2.*FCJ'1*r,4zx
b ,5 = iI1 IT ~I5 RCUl, -.*i'ciJ'*6.5F~il

* LINEAR~ CICDE MODEL
* DIODE lUubi-CN YCLIAGIS
VlD = CEC.0- VAIND + VCINZ
V~bD = t C. -I NE - 'iEI N
V L3D tC.2 V I~ rL U V A1.4 c
VUDC 6C EC0. J + V A I f -7-1NC
VD5D t= ~C %, - L.AlC + V '1- 1

V D'40 cC."J.2 * +&i~j V L iAL
P01 I EC A k (V L1., .A l 6 .C -;. H-'L V

=E EC:., A (VD C, c, It h- L)
5 C'4 f EC.I'.. I Z~r .1 . cx i..
FrL5 C EN ('L I, i.F A,,, CI, .t
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FILE: 6.1IFA

RDo FCb5khVt-E#L~ A.AI CCI DLI a

* IB IHEV27NIN 17*VAENIc I: MEIAGD IS USEC llid I~i SUPELY
*~ ~ M E16CE CE ANALY Is

IREVENIN E UIVAIEbl IGI
* VANTS = VNi*bE(QAS2/ (BE A.141EECAS',) VN2*iiE A51/15FEAS1+bE ASlj
* VBNTH = Vhll*EECfiS2/ IBE BS1.FfEfS) + Vh*Fi ES1,/tBE ES 1.E EES2)
*VCN~h = VNl*LPECCS2/ iiEQCS1.?EfCCS I + V 'FECLS1/ REC

T TAl4SISICi/DIULE E'.UIVALEN'I fiLSIEIANCE

REQA2 ii~z *-2 B +C

BE B2 f L/ 4 +F.Z 4

REQAsi BBQ(A1 + s 1
mf5 LiE A2 + Fs.

RE .TS1 IE , E + BE 1
BE~ BS2 SE + F~
HE BEC1 6 = * S I

* REOCS2 = E -S
2H 2VEbIN E ;UIVALiWI F'FSISliPCE

&!A=FE:AS1 FEQA .2/jREA1+FLCAS2)
RE6B = B hC E.-31 b/(E 1FEI2
BEC = BiE c L1 rE CS4/(iEC1Fc.2

* 0I1AL LCCF 3EL)S'1ANLE
REQAE = 2 *R A + E.A * -EQE
REQBC = *R + *~ +f c
BFQCA = R t + I E C *RE WA

*LOCi C96thEii- MAXIMUM VALJE
IAB = (VANld ;
IAibA = *(0I.I VEAki: VFRt-A)/tEE + 2.*iPA + FEE0 + BECAl)
IBC = 4IYNTlH - cL
IBCA = - (VIN +V E' -hC)/ it F 2.*FA + BEQC I + BECE2)
ICA = (KN~ -Ai E .
ICAA V f IE'FPC -V FA)/IJ5 + 2.*FA *FEQAl +FECCi)

TIME CCNSIANIS
AE2AU .*LA/ E'Af
IbCTAU .*LA/.iJ~ %*

L&IAU =.*LA/k i,.(A --

*LOOP CLFFNIS
* ~IMAB = ,T.ALPL (' .,AIUAE

* MB =E L E Ad C hA
INA = FiLA i it- J ICA

IMC =1M.CA -IMEC

=mr 'tCI I itl
IMCAC ihEALPL(0.0,ICIMCI,!C.J;r)
IMF D EALPL(J.0 .C151'm)
VSGF ELLt. 5 O CVC

* IhDJC~IG lo^ZdCE VC 1 A G

DIuDT = ~E i t V( I..0
DICCI = i~V2C :v.c)
VAINZ=lA*iiAL~l

* ti HASf ",.tA LA. L
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FILE: E*ilBiA L3 r Al

VAOLV=IMA* (fiA
VEOLVIYa* (FA
VCOLV=t[?C* (EA)

*PHASE YGLI ',;E
VAO =IIA* (HA) LA*CIACI1GVEMFA
VJ30 = !IBI* BA? .LA*rIBl+VE.FE

VCO~~1AE =CN 11REEF)I~IV!i

* CPTIO FPOE SUPiLY IE.-NA VCl*Z4GCf
* WERE VIN IS SUPPLY VCLTAGE AN[ !A 1.3 .3upiLy C BESI

VSG = VIN -MF

VAG = SG * FEQA2/1 (EE A1 + * A
VEG =VSG + /i'r FECE2~
VCG z VEG EEC/ F 14C + REIIC2IVAC =VAG -VCG

VOLTAGES ACROSS ISANSISICRS AN[ rIC"IES
=Q VSG -VAG

V 'D2 VAG
V D3 V 3 G - V G

VCDb VCG

*PVAG = LIMIT -60. t3.. VAG)
PV13G = 1M 1:6 (-63. CC. VEG)
PVCG = hLMT (-bO., 6 C VCG)
PVAC =rVAG-P VCG
FY5A =EVEG-PVAG
PVCB = PVCG-PV~j

1~ F CNS f3 d1 .C 03 .0, M A)

I F 5 is jC Si 3, .3C 0 i

1Q5 KESW SW5. .c; *1Q0 I~E
P~ 1 V CNSS~ *i S J i Imc

EQ2 =VtL~2 *~
pC3 VZQ 1,*

=8 V D'~ 4 I'

PtO 07=p C + *Q * - C + r

*THE PJASE ANGLES LCC9 L-CNEiSZC -U: IhE PH4 ASE FELA'IICNSIE~ IS PIGHl

BELIA= b - *71N
* BEEb = ( 2.*ahEiA. (7*?I/cj +) iz*S!N( i0.*THkIA. (5*El/o)

NCtRNALJ EL---6 E~ f~E.-
VEME1A = EM1FA F6.FJ*w

VEIFC = rEME KC EIel

* 'ICRQUE IC MIAKE 1C 1CF IURN
TA =IILIA KI *EEMkA/IK~j
Tb = IME 9TI EfELEKK-
'IC = If!c * I B.EiRECKK3
IM = 'IA + TB + IC

* lIBI Ej ?* I
*VKbdE z Es

* IOBQUE INIE-EAL VA L UE

IL = IIYL ( .E ')

a '1IN2 N *
W = hi LIL %( z 1v

* hWMNI NL(.A)
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FILE: EA II.A iAl1

T'IEA NIG4~ (0
IHL)EG IBET A tiAC .0t/21)

* OMflUT~1ICN AA)VAk4C. HEBE
M HON = 'IIHSIs+lADY

PWBR L = , IM'1 * .^C7)625
Pwam= Ei .0C76osi * M~**2

IL =VIN/(2*6C.U7)

*THIS PfiCCEDUR.E PSCVIEES A S1I!PLE MCHANI M fCb SEVEFSINC 7fE !CICB'5
* UIRECTICS dEIILE EKiEFIbG T~ih LCAaZ AS AN CFECSING ICECUf.

PROCEDURE IN 1=FW EhD(ie
* I~jWP.LT.G.0),GC IC 1

GC IC 5
1 INI= IM +IL

* 5 CONTINUE
ENDPBCCEDUR -I.

* THIS EBOCEDUBE iRESEIS !HE VASIIELE TkVR-i' IC C AFERj EVESY 360 LfG~ifS
* OF flECHh.AICAL TCTAIICh. 1EjIS 1-- EUNDAENIA. IC THE SI!MLtA~ICN CF ALL.
* SWITCHING AND FCSIIICb SEN.~1N.G ALlICS.

jRCCEDUWE ' ldSl~bBSE711E;)
IHES1 AIC TfG, 30J.)
ENDC~EA~±E Ll. 0.0) ILIRSI TiiFS1 + -60.

* TISi' PFCCEDdEE 'AAS !AK5EI FrCl IEB NExI Z',OCEEURE EZCAUSE IhE AiALL
* SENSCRS SEIJULD GENiA'AE A SI'iGlf VALUEE FUNb.IC CFE CE11ICN
* RE.jAROLE&S Of ELk~iE(7ICN CF PC1IIiN
PROCEDUihE 611 Ez iE AL'(':CCT,)

cIP'icC 4 ;cic
45b IHCN = IiiCN -bj

46 CONIINUE
IF (THLCL4 GE. U A ~ (2 N. CLjLT. G.C IC 1J
IF (fiC N . 3 Z. NN L :rCc .Ll. tC. 6 C IL I1I
I F (THCCN .GE. UC.ANE. zC C IJ . Ll. ;0. c C I2

II (I KCN G 2 . 9C..ANE. I HCC N .I1.14 -J C AlC 13
I F T hCC N .j E. Id ..ANL. I 1C C N .CC -j G 1L 1
I I THLC G. X3.A~r- ii C N4 .IiI1 d). GC 'I C IS
10 2 E - 1

GO'IC ds
11 E 1 1.

SE.3
GC IC I-C

12 SEf1 1.
Sf2 1.
Sf3 0.

* V.cIc 40
I14 Si I C.

Sf E 0.
GOiC sO

14 SEf1 0.

GC:L 20
15 SE1C=
S Et3 = 1.

20 C LN'11 U Z
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FILE: B1il-A L 6Mi A 1

ENDEBC!ULE

* THIS Pk,.CEDU?E SI'JiA'IES JANEqAl, CCMUIA'1CIb,
*DETERMINkS IHE ALGZEFAIC: SUM1 CF

* * THE VAFIAkLLE FLUX CCL1ECNEN'IS PE OJSE IN CGFFU'LING IRE fCICF'S
*APPRCX -MATE EACI( £EIF BEMFI).I11IAiC SUfilBAc'S 'HIE G2-EESA1El
*VCLTAGE ffiCK THE! PBC BE SUcr LY VCLIAGF.
*Sil IHESU SW6
*SIMULATE EOWER TBANS.LSTOk IRIG.;E.IS EFItNG ENEEGIZED CER SkIICBED oFF
*THCON IS THE VARIAELE 18KFUGH hbILH ITHE SWIILEIlNG LCGB..
15I IBPLEMIENTED. VEVIIM IS IHE Ili' AT UEICE CLCCI(UISE CC!MUIA'IICN
*BEGINS.

PROCEDDEE S61,J'W2,SJ Sq4 SWc SW6 EfeF'I 'VN1 Yb2 =CCMM4jflE,...
REVIIE IV4CC.N BEMFA,EE~FELENFC VE~EA,VEhiFl,h1'1C)

IF (TfKE .G .EVIII ) GC 20 160
!HCONdl AMUD( flCCt, ldO.

*IF(TkiCON1 .Lfe C.C ) IHCON) I 'ilLCN1 4 180.
IF THCCN1 .GE. J..ALD. IHC0N1 I. 3G. CC IC 50
I F (THC;N1 I.GE. 30..ANC. ICCN1 .11. 60. CC IC 51
IF (THCCNI G~E. bC.Z IHCCN1 Ll. 9C. G C I C 52
IF LIHCCNI .GE. 90..AAE. THCCN1 .LI.1,40. CC IC 51
I F(ThCCNI .GE.120..ANL. 'IHC C N .L I. 15 0. GC -Ic 514
IF THCCNI .GF.15u..ANEC. IhiCCNI .LI.lc3r. C C IC 55

*CLICKWISE COMUIAIICN

IF THCCN1 .GE. 0. .Av 0. 'IH CO N .Ll. 30. GC IC 53
IF THCCNI .GE. 3'..AND. I!iCON1 .Ll. etJ. GLC 'C 54 j~
IF THCCN1 Gi. tO..ANE. THCON1 .11. 90. GC IC 55
IF THCCSI G'E. 90..AND. THCON1 .I.120. GC IL 50
IF THCGN1 .E.1200.*AND. :1liCC N1 .11. 15 0 G C IC 51
IF TBCCl1I . 150U. A C THC(N1 . L1. 180. GC 1C 52

50 C W = C.
SW2 = 0.

a * F- EE'lFc - EEmipr
VNl VIF - VE?FC
V N = VIE - YEfEE I.

c Ic t C -

51 Sw 1 1.

SW14 1.
Sis C

3EMFl i:E2 A-E.

VSbi2 = CIE-,.I
1114 = .

5sw1 = 1 .-
liEW2 = E.~ 77 7 7
SW1 - I = il

SW5i = C1.
*SW6 z C.

Si... = C.SI pLE *

SN 1 = VI1. V1F
VN2= EE1 1F - ELE(

IM=IB7

GO 'A. ..

5.. . . . . .. . . . . . . . .



FILE: E.V, A Ai 1l

VN1 zVIE -EI?

VN- z Vli- t~

GC IC bQ
54 SWi z 0.

SW2 1.I

S = C.
SW6 z 0
dEMFI z i3EuIE - tfEf1A
YN1 = VIE - .' E
VN2 = VIB VEMPA

GO TO 0

5W5
SWI4 -

svt =0.
13EM12 = kENEC - EEMIFA ~
VNI = VIE - VEMEC '

VN2 = VIBa - YEllER

* 60 CONTINUE
* ENDPROCILUbf

ES NIWNALI
'TIT.Lf BASIC DC MO'1CE SYSTEM
TIMES FINIII = .050 C9'DEL C .000275, F5EE[ 2 O0C275,...

FINISHi IHEST 40J.0
PRINT % tl WlF 1HiS1 IN 1IM1'INI IMIN'1,hlLNI IAV lAVjhMAV
VAIND EIlwi) cls VAI 'M~ AIc VEC Vcc C5 ~4VD,~~
VSG,VIG VEG,kCG,VD1 VAG V~BV!23V Vf4l; - r5L VEID

*IA13,IAEI 'I ' BA LCA ICAA,Il~fECEG, CFb,1CN..
11A h!m I ImC ,a VIIkAFICCVSPiNfi~-

* LABEL Ed SE C CUhiiiNl - AEICS
calmO Ti:iE, lic,silr7

* PAGE XYEL(A
ENEL

* BRESETI EINI
LABEL PCWER SUEPLY LUIR-EN'1 IC YCICB APE

PAGE XYFLC:

*LABEL AClur _ 7 E
OJUTPUT I IAE, ebt2m,565
PA'JE XWELCI

ENE
LAJEL KCER JL IEfi:I:AL VC11AGE -VCLIS

PAGE X FlL
ENE

LABEL ICIAL DF.VELk~if 1UPQUE - CZ-IN
OUTPUTI :im, imsil

* PAG~E XYELCI

LABEL F-EIL'EIEEC PHASE C '-iRii~fV -AMF
cui~uI "RLE, 111CAIL,S4..
PAjE AfELCI

E h C
LAB~EL 40LIAGL ALFxJS.5 A-C '1EFII ALS - VCL'IS
OUTPUT 7IIM, VAC,5W3
Pk&;F XfFLCI

LABEL LE-FILIEDEL~ ECwE2 SJThPLI CUIFENI -PIE~S

PAGE XYELCI
ENE.

*LABEL uACK !i PJA~iE C -VCLT
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FILE: 8flZ M A 1

OUTPUI I~i, ViPFC 9S61

PAGE XiLCI
LABEL IN CkVtLCEEC ICbOE - 2-IN

PAGE XUfLCT

LABEL EDECWEB OUTCUI - AT 13
OUTPUT TIME, PMB.51i5
PAGE XYELC'I

LABEL LP-FILTEFIC SUPiLY TIER~IINAL VCLIAGE -VCLIS

OUTPUT 1IEE, VSGF,*3h1
PAGE XYLLCI

ENE
*S'ICE

//DISSECE.- YDI1S ED*
* DEAhzl-ENC9 SZ8

M*ly-- N0 4LVFE :C~bhF=O: :: SIf::j31,

B 9



:.":" Users Guide i "

The following procedures are recommended to be used in running the CSMP

language program given in Appendix B:

1. Obtain the motor, load and power supply/conditioner data from the

manufacturer and enter the values in INITIAL section at the beginning

of the program. P..

2. Set parameter KRAMP to the desired input voltage V as follows:

example V - 30 volts, KRAMP 2 x1O3  15000. Under these conditions,

a fast terminated-ramp input results. This is equivalent to a step input

of V volts.

3. The constant KADJ must be set experimentally to produce the measured motor

Back EMF voltage. To do this, remove the asterisk in the statement

* WM = 320.4475

where 320.4475 is the magnitude of the driver motor speed in rad/sec. (in

this case, speed = 3060 RPM). Run the program with different values of

KADJ until the Back EMF across 2 windings agree in magnitude with the

measured value obtained from the motor.

4. Set N to the value of the speed reduction from motor shaft to load

shaft.

5. Set RS to the value of the power supply interval resistance and LA and

RA to6 the per phase winding values.

6. Set RSAT and VSAT values for the power transistor "ON" values and RCUT to

the cut-off resistance value.

B10
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7. The value of BM should bt calculated from the no-load data as a

preliminary value and adjusted experimentally until no-load operation of

the model agrees with measured no-load values for the motor. Compute BM

as follows:

BM - (KT)(KADJ)(IMNL)/(WMNL)

For example N.

BM = (15.89)(.63)(0.3)/(320.4)

BM = 0.00937 oz-in/rad per sec.

Notes: 1. The asterisks in column 1 of the program statement makes the V,J .I°

statement a comment and disregarded by the CSMP Translator. These statements

are the result of program development and are included for future application

in the development of the complete actuator model.

2. A set of typical output waveforms are included here to indicate .- 6

the plot output capabilities of the program which are in the TERMINAL section

of the CSMP listing.

3. The load applied to the motor should be adjusted over the range of

* no-load to near peak load and the performance curves of Figure 12 plotted.

* The CSMP simulation output can then be checked against these results by

" entering BL as follows:

BL = TL/WM oz-in/rad per sec

where TL is the load torque (oz-in) WM is the motor speed (rad/sec).

B 1 . .
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